The classic estrogen 17␤-estradiol (E2) was recently identified as a novel modulator of hearing function. It is produced rapidly, in an experience-dependent fashion, by auditory cortical neurons of both males and females. This brain-generated E2 enhances the efficiency of auditory coding and improves the neural and behavioral discrimination of auditory cues. Remarkably, the effects of E2 are long-lasting and persist for hours after local rises in hormone levels have subsided. The mechanisms and functional consequences of this E2-induced plasticity of auditory responses are unknown. Here, we addressed these issues in the zebra finch model by combining intracerebral pharmacology, biochemical assays, in vivo neurophysiology in awake animals, and computational and information theoretical approaches. We show that auditory experience activates the MAPK pathway in an E2-dependent manner. This effect is mediated by estrogen receptor ␤ (ER␤), which directly associates with MEKK1 to sequentially modulate MEK and ERK activation, where the latter is required for the engagement of downstream molecular targets. We further show that E2-mediated activation of the MAPK cascade is required for the long-lasting enhancement of auditory-evoked responses in the awake brain. Moreover, a functional consequence of this E2/MAPK activation is to sustain enhanced information handling and neural discrimination by auditory neurons for several hours following hormonal challenge. Our results demonstrate that brain-generated E2 engages, via a nongenomic interaction between an estrogen receptor and a kinase, a persistent form of experience-dependent plasticity that enhances the neural coding and discrimination of behaviorally relevant sensory signals in the adult vertebrate brain.
Introduction
Recent studies identified a new modulator of central auditory function-the classic female hormone estrogen (17␤-estradiol; E2). The most direct evidence that E2 produced in the auditory forebrain, distinct from the gonadal hormone, directly modulates the physiology of central auditory circuits to shape behavior, has emerged from studies in songbirds, a prominent neuroethological model. Specifically, the songbird analog of the mammalian auditory association cortex, the caudomedial nidopallium (NCM), is heavily populated with estrogen-producing and estrogen-sensitive neurons, which are activated by auditory experience in freely behaving males and females (Jeong et al., 2011) . Indeed, sensory experience drives E2 synthesis in NCM exceptionally rapidly and regardless of sex (Remage-Healey et al., 2008 . This brain-generated E2 acutely increases firing rates of NCM neurons to enhance auditory coding, as well as the neural and behavioral discrimination of acoustic signals (Tremere et al., 2009; Remage-Healey et al., 2010; . The effects of E2 on auditory neurons occur via presynaptic suppression of inhibitory transmission (Tremere et al., 2009) , which allows for this neurosteroid to modulate neuronal responses on a timescale that is relevant for sensory processing. The recent identification of widespread estrogen producing and responsive circuitry in the auditory cortex of mice, monkeys, and humans suggest that E2 modulation of auditory processing may be a general feature of auditory forebrain networks in all vertebrates (Yague et al., 2006 (Yague et al., , 2008 .
Auditory experience rapidly increases E2 levels in NCM, but also engages biochemical and gene expression cascades thought to be required for synaptic plasticity and auditory learning (Clayton, 2000; Mello et al., 2004; Bolhuis and Gahr, 2006) . Unbiased, quantitative proteomics screenings revealed that the chief biochemical pathway activated by auditory experience in NCM is the mitogen-activated protein kinase (MAPK) cascade (Pinaud et al., 2008a) , which has been repeatedly implicated in neural plasticity, sensory learning, and memory formation in vertebrates (Sweatt, 2001; Thomas and Huganir, 2004; . Consistent with this view, auditory experience activates components of the MAPK pathway and MAPK-dependent genes in NCM neurons (Cheng and Clayton, 2004; Velho et al., 2005) . In addition, blockade of the MAPK pathway in NCM interferes with the formation of auditory memories in juveniles (London and Clayton, 2008) . Importantly, blockade of estrogen receptors or suppression of the local production of E2 in NCM largely abolishes the expression of multiple MAPK-dependent genes in NCM neurons, indicating that the engagement of these plasticity-associated genes depends on local E2 production (Tremere et al., 2009) . Thus, on a faster timescale, brain-generated E2 controls the gain of auditory-driven responses by nongenomically modulating neurotransmission. On a slower timescale, E2 modulates gene expression programs required for neural plasticity.
Despite the advances described above, the intracellular mechanisms underlying E2's modulation of plasticity-associated genes in auditory neurons remain unknown. Additionally, the functional relevance of the E2-mediated activation of these plasticity-associated molecular cascades has yet to be determined. Here, we directly addressed these two issues. We show that E2 activates ER␤, which directly associates with MEKK1 to sequentially modulate MEK and ERK activity, which are required to drive plasticity-associated genes. We also show that E2-dependent activation of this pathway is required for long-term plasticity of neural responses, coding, and discrimination properties of auditory neurons. Our data suggest that E2 induces plasticity in auditory neurons by engaging genomic responses (MAPK-dependent gene expression) via a non-genomic mechanism (ER␤ interaction with MEKK1). Overall, these findings reveal a cellular mechanism underlying a form of long-term, experience-dependent plasticity of sensory neurons induced by a brain-generated estrogen.
Materials and Methods

Animals
A total of 91 adult zebra finches were used for both neurophysiological (n ϭ 44; n ϭ 32 females and n ϭ 12 males) and in vivo pharmacological/ biochemical studies (n ϭ 47; n ϭ 38 females and n ϭ 9 males). All experimental procedures were approved by Institutional Animal Care and Use Committees at Northwestern University and the University of Oklahoma, and are in accordance with NIH guidelines.
Neurophysiological recordings coupled to intracerebral pharmacological manipulations in awake animals
We conducted bilateral, multielectrode neurophysiological recordings combined with bilateral and simultaneous intracerebral pharmacological manipulations in awake, restrained animals, using procedures that we described in detail previously (Tremere et al., 2009 (Tremere et al., , 2010 . Briefly, under anesthesia, animals were implanted with a headpost and a recording chamber. All animals were then allowed to recover for a minimum of 2 d and were subjected to multiple acclimation sessions in a walk-in sound-proof booth (IAC), as detailed previously, that adapted them to restraint required for neurophysiological recordings (Pinaud et al., 2008b; Tremere et al., 2009 Tremere et al., , 2010 . On the recording day, animals were restrained once again into the walk-in sound-proof booth, the recording chamber was opened, and seven electrodes (Quartz-Platinum/Tungsten; 5-8 M⍀) were independently driven within each NCM (4 electrodes in the experimental hemisphere, and 3 in the control hemisphere) with a motorized microdrive (Thomas Recording). Identification and isolation of responsive single-units were achieved with the presentation of white noise. Subsequently, two glass pipettes (Drummond Scientific; tip i.d. ϳ20 m) were inserted into each hemisphere near the microelectrodes. One pipette contained control solutions (control hemisphere) and the other contained pharmacological manipulations of interest (experimental hemisphere; see below). Auditory stimuli encompassed four, previously unheard conspecific song motifs (durations of 0.70, 0.67, 0.72, and 0.73 s; ISI 5 s), which collectively cover much of the natural variability in zebra finch songs, in the dimensions of syllable complexity and speed rates (Kroodsma and Miller, 1982) .
Auditory stimuli were played at 70 dB SPL, pseudo-randomly, via a custom-written Matlab routine. Stimuli were presented before pharmacological manipulations ("predrug session"; 25 trials/stimulus). Subsequently, the experimental hemisphere was injected with a combination of UO126 (a selective inhibitor of MEK 1/2; 10 g/l) and E2 (30 g/ml) (Remage-Healey et al., 2008) , diluted in 50% DMSO/50% saline (Tremere et al., 2009; . The control hemisphere was simultaneously injected with a combination of UO124 (the inactive analog of UO126; 10 g/l) and E2 (30 g/ml). This approach allowed us to simultaneously deliver the mixture of E2 ϩ the MEK antagonist through a single pipette in one (experimental) hemisphere, with E2 ϩ the corresponding inert analog through a second pipette to the other (control) hemisphere, in the vicinity of the electrodes. During the bilateral and simultaneous injections, spontaneous activity was collected for 5 min and animals were subsequently stimulated once again with the same stimulus set ("drug session"). Importantly, solutions were continuously infused via two hydraulic Narishige precision nanojectors. Each hemisphere was injected with an initial loading dose (100 nl), followed by maintenance doses (10 nl) that occurred every 5-10 min throughout the duration of the stimulation session. Upon conclusion of the "drug session," local infusions were interrupted for both hemispheres and animals were kept in silence for 2 h. Subsequently, 5 min of spontaneous activity were collected once again and animals were exposed to the stimulus set one final time ("Off ϩ 2 h session").
After the recording sessions, electrode placement was verified by conducting electrolytic lesions in each hemisphere (15 A for 10 s) and subjecting brain sections to cresyl violet histochemistry (Tremere et al., 2009; . We ensured that drug diffusions were restricted to NCM using two approaches, as detailed previously (Tremere et al., 2009; . We also note that throughout the auditory forebrain, NCM is the only area that contains estrogensensitive neurons, so even in the unlikely event that E2 diffused away from this auditory area, it would not act upon surrounding brain regions (Jeong et al., 2011) . Finally, we emphasize that a further strength of NCM to conduct internally controlled pharmacological manipulations directed at estrogen circuitry is that there is no evidence for interhemispheric connectivity (Vates et al., 1996) . As such, it is unlikely that manipulations in the NCM of one hemisphere affect the physiology of the contralateral NCM.
Pattern classification analysis
To quantify how well the responses of NCM neurons can distinguish among the different songs tested (neural discrimination), we used a decoding method based on a pattern classifier. By applying the decoder to responses obtained before, during, or after drug application, we also directly quantified how drug application alters the information that NCM neurons carry about stimulus structure. We have described the implementation and use of this neurometric function in detail previously . Briefly, we recorded single-unit responses to song stimuli (25 trials for each of 4 songs). Spikes were grouped into 50 ms bins, a value that has been determined to provide highest classification performance (data not shown). We next trained a pattern classifier on binned discharge rates from each recorded neuron from half of the trials (training set) to generate a response template for each condition tested ("pre," "during," and "Off ϩ 2 h" sessions). Performance of the classifier was computed via a "test set," which corresponds to the remaining half of the stimulation trials, and the precision of the classifier was quantified as the percentage of test trials in which the decoder correctly identified the song that produced the measured responses . To quantify how the pharmacological manipulations affected information carried by NCM neurons about song structure, we trained our classifier with data obtained in the predrug sessions, as described above, used "test sets" obtained during and after (2 h) drug treatment, and assessed our decoder's performance for each of these conditions.
Control studies were conducted to test whether pharmacological manipulations altered the structure of neural responses in the absence of changes in the neural discrimination of NCM of songs. To this end, we trained and tested the decoder with neural responses obtained from within the same pharmacological sessions for each stimulus (e.g., trained the decoder with half of the trials obtained during E2ϩUO126 infusions, and tested its performance with the remaining half of the E2ϩUO126 trials). We used custom written Matlab routines to conduct pattern classification analyses.
Calculation of mutual information rates
To calculate the effectiveness of neural coding by auditory neurons, we computed a lower bound on the mutual information (MI) between stimuli and neurophysiological responses, as we have detailed previously . Briefly, MI was computed for each cell by recording 25 stimulation trials per song, before, during, and after (Off ϩ 2 h) pharmacological treatment. Spike trains were binned in 50 ms windows and counted. Subsequently, our data set was divided in two segments: 13 trials were used for the training set and the remaining 12 trials were used for testing, as above for the pattern classification analysis. For each cell we performed a logistic regression on the training set, which takes as input a vector of activity (spike counts/bin) and returns as output a joint probability distribution across both the four songs and the observed activity vectors. We used a Bayesian prior on the regression parameters to avoid overfitting (Bishop, 2006; . We then saved the weights of the regression, and it was applied to the test set without adjusting the weights. Subsequently, we computed the entropy of the output distribution averaged across trials and then across cells. The entropy of the output distribution is the sum over all four categories of P(c_i)log 2 (P(c_i)), where "c" is the class and "i" is an index over classes (i.e., with 4 classes, "i" is any value between 1 and 4). We then measured the stimulus-specific information (SSI), as defined in the following:
where H͓X͔ ϭ Ϫ ¥ x P͑x͒log 2 P͑x͒ is the entropy of the stimulus X. The conditional entropy of a response y is defined by H͓X͉Y ϭ y͔ ϭ P͑x͉y͒log 2 P͑x͉y͒.
By taking the weighted average over the SSI for all signals, we obtain the mutual information between the neural response and stimulus, as follows:
Statistical analyses
Neuronal firing rates. We used a two-way repeated-measures ANOVA to analyze changes in neuronal spike rates as a result of pharmacological treatment (E2 ϩ UO124 vs E2 ϩ UO126), across experimental sessions ("predrug," "drug," and "Off ϩ 2 h"). Because these analyses revealed an interaction between pharmacological treatment and recording sessions (see Results), we subjected each hemisphere to a one-way repeatedmeasures ANOVA followed by repeated-measures t-tests using Bonferroni correction for multiple-comparisons (see Results).
Pattern classification and mutual information. We bootstrapped and resampled our dataset to generate 10 sample subsets. This approach allowed us to attain a distribution and confidence intervals for accuracy values of the decoder, for each cell before, during, and after pharmacological treatment. These sample subsets were averaged to obtain a single value for discrimination success (classification accuracy) or mutual information rates per neuron. For all neurons, data for each recording session ("pre," "during," and "Off ϩ 2 h") were combined into separate groups. Our pattern classification data did not pass a normality test (D'Agostino and Pearson omnibus normality test). Consequently, we used a non-parametric Friedman's two-way ANOVA by ranks to evaluate the effects of drug treatment across recording sessions on neuronal discrimination. This analysis revealed that all treatment groups did not come from the same population (see Results). We, therefore, subsequently subjected data from each hemisphere to a non-parametric one-way Friedman test followed by Wilcoxon signed rank test for multiple-comparisons with Bonferroni's correction. In contrast, our mutual information data did not violate normality assumptions. We, therefore, used a two-way repeatedmeasures ANOVA to evaluate the effects of drug treatment across recording sessions, as detailed above for neuronal firing rates. This analysis revealed a significant interaction between drug treatment and recording sessions (see Results). As such, we next subjected each hemisphere to one-way repeated-measures ANOVA followed by paired t-tests using Bonferroni correction for multiple-comparisons.
Intracerebral pharmacological manipulations in awake animals
Tissue directed to biochemical analyses was obtained from subjects that received bilateral pharmacological manipulations targeting NCM, as detailed previously (Tremere et al., 2009) . Briefly, all animals were fitted with a headpost, implanted with an access skull chamber, allowed to recover for at least 2 d and were subjected to multiple acclimation to restraint sessions in a walk-in sound-proof booth, as described above for neurophysiological recordings and detailed previously (Tremere et al., 2009 (Tremere et al., , 2010 . After each acclimation session (minimum of 5; 30 min each, every 1.5 h), animals were returned to individual sound-isolation boxes, which were located inside the walk-in sound-proof booth. Animals were then left overnight in the individual sound-proof boxes. The following day, animals were exposed to a final acclimation session, returned to their isolation boxes, and after 1.5 h each subject was once again gently restrained and affixed to the stereotaxic device. The injection chamber was then opened and two glass pipettes were independently positioned into NCM (AP: 0.5 mm, ML: Ϯ 0.5 mm, DV: 0.8 mm, relative to the bifurcation of the sagittal sinus).
Intracerebral nanoinjections in sound-stimulated animals. To determine if local blockade of estrogen receptors affects song-driven activation of the MAPK pathway, and more specifically, phosphorylation of ERK in NCM, we injected 250 nl of the selective estrogen receptor antagonist ICI 182780 (ICI; 100 M) unilaterally and 250 nl of vehicle contralaterally (50% DMSO/50% saline) as an internal control. Animals were then stimulated for 5 min with playbacks of a medley of four conspecific songs, with each song played every 30 s, and killed for tissue harvesting (see below). This method was also used to segregate the extent to which estrogen receptor ␣ (ER␣) or ER␤ contribute to phosphorylated ERK (pERK) regulation in NCM, except that the selective ER␣ antagonist 1,3-Bis Finally, to test whether locally generated E2 affects the songinduced phosphorylation of ERK in NCM, we treated one hemisphere of NCM with the selective aromatase inhibitor fadrozole (FAD; 100 M) and simultaneously injected vehicle contralaterally. Specifically, infusion of FAD was divided into two parts. An initial 200 nl were injected and animals were kept restrained for 15 min in complete silence (inside the sound-proof booth) with pipettes in place. Subsequently, an addition 200 nl of FAD were administered while animals were kept restrained in silence for another 15 min. At the end of this period, animals were stimulated with playbacks of songs, as detailed above, for 5 min, and were rapidly killed for tissue harvest (see below). We intentionally administered FAD 30 min before stimulation onset for two reasons. First, previous findings demonstrated that aromatase activity is effectively suppressed ϳ15 min after FAD treatment, at our chosen concentration, in the zebra finch brain (Wade et al., 1994; Remage-Healey et al., 2008) . Second, E2 levels in NCM are dramatically reduced within 30 min following inhibition of aromatase with FAD (Remage-Healey et al., 2008) . We finally note that FAD treatment was separated into two infusions to sustain drug levels until stimulus onset.
Intracerebral nanoinjections in sound-isolated animals. To further probe the intracellular mechanisms through which E2 modulates plasticity-associated intracellular cascades in NCM, we took advantage of previous results that revealed that E2 is both necessary and sufficient to drive multiple MAPK-dependent, plasticity-associated genes in NCM (Tremere et al., 2009 ). As such, E2-sensitive gene expression cascades can be driven by local E2 infusions into NCM in the absence of auditory stimuli, which provides a convenient tool to address these intracellular interactions (Tremere et al., 2009 ). Thus, bilateral nanoinjections were also carried out in animals that were maintained in sound-isolation. Specifically, animals were individually subjected to multiple acclimations to the restraint setup, in the walk-in sound-proof booth, and returned to individual sound-isolation boxes, as detailed above, where they stayed
The following day, after a final acclimation to restraint session, animals were separated into several experimental groups as follows: To determine whether E2, activation of ER␣ or ER␤ receptors affect the activation of the MAPK pathway in NCM (as revealed by phosphorylation of ERK), we unilaterally infused animals with 250 nl of either E2 (30 g/ml) (Remage-Healey et al., 2008) , the selective ER␣ agonist 4, 4Ј,4Љ-(4-propyl-[1 H]-pyrazole-1,3,5-triyl) trisphenol (PPT; 100 M), or the selective ER␤ agonist diarylpropionitrile (DPN; 100 M) into NCM. Vehicle (250 nl) was infused contralaterally and animals were separated in groups based on pharmacological treatment (i.e., E2, PPT, or DPN).
To determine whether E2 regulates phosphorylation of ERK through the canonical MAPK pathway (i.e., MEKK1ϾMEKϾERK), we subjected a group of sound-isolated animals to combined infusions. Specifically, sound-isolated animals were unilaterally infused with 250 nl of a solution containing the MEK 1/2 inhibitor UO126 (10 g/l) and E2 (30 g/ml) diluted in 50% DMSO/50% saline (E2ϩUO126 hemisphere) (RemageHealey et al., 2008; Tremere et al., 2009; . Simultaneously, the contralateral hemisphere was also infused with a solution containing E2 (30 g/ml) together with inactive analog UO124 (10 g/l) diluted in vehicle, as appropriate controls (E2ϩUO124 hemisphere). Finally, a variant of this experiment was conducted where the potent and selective ER␤ agonist DPN (100 M) was infused in place of E2 [i.e., DPNϩUO126 (experimental) and DPNϩUO124 (control)].
For all intracerebral pharmacological manipulations in awake, soundisolated animals described above, infusions in the experimental and control hemispheres were conducted simultaneously over the course of 2 min through calibrated Narishige hydraulic precision nanojectors. Pipettes were then left in place for an additional 5 min while animals were kept in silence inside a walk-in sound-proof booth. Subsequently, animals were rapidly removed from the restraint device, decapitated, and brains were rapidly collected for biochemical analyses.
Sample collection, protein extraction, and quantification
For biochemical assays, hemispheres infused with either control or experimental solutions were first separated via a sagittal section. Each hemisphere was then sectioned parasagittally on a vibratome. A total of 2-3 parasagittal sections (300 m thick) starting from the midline were obtained from each hemisphere, placed in a Petri dish with ice-cold artificial CSF and positioned under a dissecting scope. The mediolateral extent of NCM (0.1 to ϳ0.9 mm from midline) was then dissected from these 2-3 sections and collected. Using a conservative approach, in instances where the first section was obtained more laterally, we excluded the third section to ensure that regions lateral to NCM were not collected (even though NCM extends to ϳ1.2 mm from midline). For the first section, NCM typically detached itself from the rest of the brain. For the remaining sections, the thalamo-recipient field L2a, easily identifiable by its characteristic lighter color due to higher fiber density, was used as a reference to define the anterior border of NCM, as we have done previously (Pinaud et al., 2008a) . The ventricles conveniently defined and isolated the dorsal, ventral, and caudal borders of NCM. Precision scissors and a scalpel were used to carefully isolate NCM from the remainder of the section. NCM sections from the same hemisphere were pooled and placed into RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, complemented with protease inhibitors). Total time between the animal being killed and NCM dissection never exceeded 10 min.
Samples were gently ground using plastic pestles in 1.5 ml Eppendorf vials, sonicated for 10 min until clear and centrifuged at 13,000 ϫ g for 10 min at 4°C. Protein lysates in the supernatant were cleaned with the 2D Cleanup kit (GE Healthcare) following the manufacturer's protocols, transferred into separate vials, and stored at Ϫ80°C until processed.
Western blotting
Specificity of the primary antibodies in songbird tissue were previously assessed (Cheng and Clayton, 2004) and confirmed by us, or were assessed by us in the present work. We conducted Western blot analysis with protein lysates derived from NCM dissections of each hemisphere. A total of 10 g of protein of each sample (each hemisphere/treatment) was doubled in volume by adding Laemli loading sample buffer. Samples were denatured by boiling for 5 min in a water bath. Proteins were fractionated in a 10% SDS-PAGE at 120 V for 2 h. Fractionated samples were transferred from gels onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad) in a solution of transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 20 V for 18 h at 4°C. Membranes were incubated in a blocking buffer consisting of 5% dry milk in TBS-T buffer (20 mM Tris, 140 mM NaCl, 0.1% Tween 20) for 1 h, followed by three rinses in TBS-T (5 min each) at room temperature (RT). Next, we incubated membranes, under agitation, in a solution containing anti-phosphorylated ERK (1:1000; overnight incubation; Cell Signaling Technology; #9101). We next rinsed membranes in TBS-T and incubated them in a solution containing anti-rabbit HRP-conjugated secondary antibody in blocking buffer (1:200 for 2 h at RT). Membranes were then sequentially rinsed in TBS-T (3 ϫ 5 min each) and incubated in a solution of enhanced chemiluminescence (ECL; Cell Signaling Technology), following the manufacturer's instructions. Blots were then exposed to film (Phoenix Research), which were then scanned on a tabletop scanner and digitized to a computer. Membranes were then incubated in a stripping buffer (Restore Western Blot Stripping Buffer; Thermo Scientific), reprobed with anti-total ERK (1:1000; overnight incubation; Cell Signaling Technology; #4695), and developed as detailed above. A few membranes of early experiments were stripped and reprobed with anti-␤-tubulin (1:1000; overnight incubation; Cell Signaling Technology; #2128). However, quantitative analyses were conducted on the ratios of pERK to total ERK (tERK), as appropriate (see below).
Quantification of Western blots
As indicated above, films were scanned to allow for quantification of protein levels. Resolution was set at 300 dpi using a grayscale. We used Scion Image software to obtain band intensity values for pERK and tERK, which were calculated by subtracting the background, for each film. Next, we obtained ratios of optical density for pERK over the corresponding tERK optical density ( pERK/tERK). Data are expressed as mean Ϯ SE. We used two-tailed paired Student's t-tests to assess treatment effects across hemispheres for within group comparisons, and twotailed unpaired Student's t-tests to compare hemispheres of animals across treatment groups. Significance was set at p Ͻ 0.05.
Coimmunoprecipitation
To determine whether rises in E2 levels in NCM drive the association of MEKK1 or MEK with ER␤, we obtained protein extracts of animals that were infused unilaterally with E2 (30 g/ml), 5 min before tissue harvest, as above; control hemispheres were infused with vehicle. In addition, to determine whether E2 synthesized in NCM affects the association between either kinase and ER␤, we pretreated NCM unilaterally with the aromatase inhibitor FAD, as detailed above (see above, Intracerebral pharmacological manipulations in awake animals), and subsequently song-stimulated animals for 5 min. Protein extracts were prepared for experimental and control hemispheres separately, also as described above. Immunoprecipitation was performed using the Pierce CoImmunoprecipitation kit (Pierce Biotechnology), according to the manufacturer's guidelines. Input and immunoprecipitated samples were fractionated by SDS PAGE and Western blots were performed, as detailed above. Importantly, co-immunoprecipitation assays were run bidirectionally (e.g., samples were immunoprecipitated with MEKK1 and assayed for ER␤, as well as immunoprecipitated with ER␤ and then assayed with MEKK1). The antibodies used for immunoprecipitation studies were anti-MEKK1 (Santa Cruz Biotechnology; sc-252), anti-MEK 1/2 (Cell Signaling Technology; #9122), and anti-ER␤ (Enzo Life Sciences; ALX-210 -178). These antibodies were chosen as they identify their target proteins in the zebra finch tissue with specificity, as assessed by Western blot analyses in the present work.
Promoter analysis
We carried out detailed promoter analyses to determine if MAPKdependent genes may be directly regulated via estrogen receptor-dependent transcriptional regulation (a.k.a., "classic genomic response" of E2). Our analyses focused on three MAPK-dependent genes induced by locally produced E2: zenk, c-fos, and arc (Tremere et al., 2009). Genomic sequences from zebra finch were obtained from the National Center for Biotechnology
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Information (zenk: NC_011477.1, c-fos: NC_011469.1; arc: NC_011465.1), along with their chicken and mouse homologues. As a conservative approach, we analyzed a 2 kb sequence upstream of the transcription start site, as well as the 5Ј untranslated region (5ЈUTR). Sequences were aligned and putative binding sites for transcription factors were identified by searching the TFMatrix database with TFSearch software. To meet identification criteria, only transcription factor binding sites that were conserved across the three species were considered to be true consensus sequences. In addition, we independently searched for the presence of the estrogen responsive element (ERE; 5Ј-AGGTCAnnnTGACCT-3Ј) in the promoters and 5ЈUTRs of each of our genes of interest. For simplicity, Figure 1 only illustrates the transcription factor binding sites that are shared between zenk, c-fos, and arc. A list of the remaining binding sites that are unique to each gene is shown in Table 1 . As with Figure 1 , only transcription factor binding sites that are present in the promoters of zenk, c-fos, and arc across species are listed in Table 1 .
Results
E2 does not modulate MAPK-dependent genes through a direct, "classic genomic" mechanism E2 primarily regulates gene expression via the so-called "classic genomic response," whereby activated intracellular receptors translocate to the cell nucleus and bind to the ERE, a consensus DNA sequence located in the promoter of E2-sensitive genes. That E2 engages MAPK-dependent, plasticity-associated genes in NCM raises the possibility that these molecular events are mediated through this classic genomic response (Tremere et al., 2009 ).
To address this possibility, we first analyzed a 2 kb sequence upstream of the transcription start site of the genes zenk, c-fos, and arc, all of which are regulated by E2 produced in NCM (Tremere et al., 2009 ) and depend on MAPK activation (Cheng and Clayton, 2004; Velho et al., 2005) . This sequence conservatively encompasses the full extent of the promoter of these genes. Our analysis of these zebra finch genomic sequences revealed binding sites for an array of transcription factors that were shared among the three genes ( Fig. 1) , as well as consensus sequences that were unique to each of them (Table 1). Several of these elements putatively bind proteins known to be targets of the MAPK pathway, including CREB, NFB, Elk-1, and c-Myc ( . The E2-regulated, MAPK-dependent genes zenk, c-fos, and arc lack the estrogen responsive element (ERE) in their promoters. Shown is a schematic representation of a 2 kb sequence upstream of the transcription start site, which includes the promoters of the MAPK-dependent genes zenk (A), c-fos (B), and arc (C). Vertical bars of different colors denote identified transcription factor binding sites and their relative positions. Depicted in this figure are the putative binding sites for 12 transcription factors that were both shared across the three genes (zenk, c-fos, and arc), and conserved across three species (zebra finch, chicken, and mouse). Binding sites that were unique to each of these three genes (but conserved across species) can be found in Table 1 . Note that the ERE is not found in the promoters of each of the three genes.
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failed to identify the ERE consensus on the promoter of each of these E2-regulated genes. We next selectively searched for the ERE consensus (5Ј-AGGTCAnnnTGACCT-3Ј) in the promoters of each gene. Interestingly, none of these E2-regulated genes contained the classic binding site for estrogen receptors in their promoters ( Fig. 1 ; Table 1 ). These findings indicate that the "classic genomic" mechanism is unlikely to underlie the E2-dependent activation of multiple MAPK-dependent, plasticity-associated genes in central auditory neurons.
Brain-generated E2 is required for experience-dependent activation of the MAPK pathway in auditory neurons
Auditory experience in freely behaving animals significantly and rapidly increases E2 levels in NCM (Remage-Healey et al., 2008; Remage-Healey et al., 2012) and drives the expression of multiple MAPK-dependent genes thought to be involved in synaptic plasticity and auditory learning (Cheng and Clayton, 2004; Velho et al., 2005) . Importantly, the expression of these plasticityassociated genes directly depends on E2 produced locally within NCM (Tremere et al., 2009 ). The intracellular mechanisms through which E2 modulates the expression of these plasticityrelated genes, however, is unknown. Given that E2 is unlikely to regulate these genes via a classic genomic response (see above) and may directly engage signal transduction pathways (McCarthy, 2008; McCarthy et al., 2008) , we next explored if this braingenerated steroid nongenomically modulates the activation of the MAPK cascade. To this end, we conducted bilateral intracerebral pharmacological manipulations in the NCM of awake animals. Vehicle was injected unilaterally (control) and agents that target the estrogen system were simultaneously infused in the contralateral hemisphere (experimental), thereby providing an appropriate internal control for our studies (Tremere et al., 2009) . Next, for each hemisphere separately, we quantified the activational strength of the MAPK cascade by assaying the levels of pERK, which is the output of this biochemical pathway.
In Western blots, control samples obtained from rodent brain tissue revealed two bands indicating the two isoforms of ERK in mammals (ERK1 and ERK2, at ϳ44 and 42 kDa, respectively; data not shown). In contrast, and consistent with earlier reports, we identified a single ERK isoform from NCM samples, with an intermediate molecular weight of ϳ43 kDa, confirming that songbirds only express one ERK isoform [for discussion and additional controls, see the study by Cheng and Clayton (2004) ].
NCM samples obtained from sound-isolated animals revealed that whereas tERK was expressed at high levels, its phosphorylated form (pERK) was detectable at very low levels in the same samples [ Fig. 2 A, B (silence, vehicle hemisphere); C, inset]. Brief auditory stimulation (5 min), however, significantly increased the levels of pERK in NCM [ Fig. 2 A, B (stimulated, vehicle hemisphere); C, inset]. Quantitative analysis revealed that the ratio of pERK to tERK significantly increased from 0.44 Ϯ 0.03 to 0.70 Ϯ 0.03 (mean Ϯ SE, t (19) ϭ 5.44; p Ͻ 0.0001) (Fig. 2C, inset) , indicating that auditory experience rapidly and robustly drive the phosphorylation of ERK in the NCM of awake animals.
We next sought to determine whether, and to what extent, E2 modulates the song-induced activation of the MAPK cascade. To this end, we unilaterally infused vehicle, and contralaterally injected a solution containing the selective estrogen receptor antagonist ICI 182780 (ICI), in the NCM of awake animals that were subsequently stimulated with 5 min of playbacks of songs. Whereas song stimulation significantly upregulated pERK levels in vehicle-treated hemispheres, contralateral infusions of ICI significantly suppressed the song-induced phosphorylation of ERK (Fig. 2 A, B, left) . More specifically, ICI treatment significantly suppressed song-induced ERK phosphorylation by 43.2%, relative to control hemispheres (pERK/tERK ratios-ICI: 0.40 Ϯ 0.05; vehicle: 0.71 Ϯ 0.07; t (5) ϭ 5.15, p ϭ 0.035) (Fig. 2C) .
The findings above indicate that E2 is necessary for normal song-induced activation of the MAPK cascade in NCM neurons, but the estrogen source (circulating or local) is unclear. To address this question, we next treated one hemisphere of NCM with the aromatase inhibitory fadrozole (FAD) before song stimulation and infused vehicle contralaterally. The outcome of this manipulation was that local production of E2 was suppressed in one hemisphere, but not contralaterally, and the remote production of steroids (e.g., gonadal) was intact. We found that brief auditory stimulation markedly upregulated pERK levels in vehicleinjected hemispheres; however, inhibition of local E2 production with FAD largely suppressed song-induced phosphorylation of ERK (Fig. 2 A, B, middle) . Quantitatively, inhibition of local E2 production in NCM significantly suppressed song-induced phosphorylation of ERK by 36.1% relative to vehicle-infused hemispheres (pERK/tERK ratios-vehicle: 0.67 Ϯ 0.08; FAD: 0.43 Ϯ 0.07; t (6) ϭ 8.67, p ϭ 0.013) (Fig. 2C) . Together, our findings demonstrate that locally derived E2 is required for experiencedependent ERK phosphorylation in auditory neurons, in the awake brain.
E2 is sufficient to nongenomically activate the MAPK cascade in auditory neurons
We previously showed that E2 produced by NCM neurons is not only necessary, but is also sufficient to engage multiple plasticityassociated, MAPK-dependent genes (Tremere et al., 2009) . The findings that locally infused E2 drives the expression of multiple MAPK-dependent genes in the NCM of sound-isolated animals revealed a convenient tool to probe the intracellular mechanisms through which E2 modulates plasticity-related gene expression in the awake brain. We took advantage of these observations to test the hypothesis that E2 upregulates gene expression by directly modulating the activation of the MAPK cascade, through a nongenomic mechanism (i.e., through a mechanism that modulates second messenger systems). To this end, we unilaterally infused 
Shown are the binding sites found in the promoters of one or two of these genes. Only binding sites that are conserved across species (zebra finch, chicken, and mouse) are included in the table. Transcription factor binding sites that are shared between the three genes can be found in Figure 1 .
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E2 in the NCM of sound-isolated animals that were fully awake; vehicle was simultaneously infused contralaterally. As expected, vehicle-infused hemispheres exhibited negligible levels of pERK ( Fig. 2 A, B, right) . In contrast, contralateral injections of E2 in these sound-isolated animals drove a marked increase in pERK levels ( Fig. 2 A, B, right) . Specifically, E2 significantly increased pERK levels by 140.8% compared with control hemispheres (pERK/tERK ratios-vehicle: 0.39 Ϯ 0.04; E2: 0.93 Ϯ 0.07; t (5) ϭ 5.65, p ϭ 0.029) (Fig. 2C) . Considering the rapidity of these effects (Ͻ5 min) and recent observations that our MAPKdependent genes of interest lack the ERE consensus in their promoters (Fig. 1 , Table 1 ), these findings indicate that rises in E2 levels directly and nongenomically activate the MAPK pathway in central auditory neurons.
E2-dependent activation of the MAPK pathway is mediated via ER␤ receptors
Next, we sought to uncover the receptor subtype(s) required for the E2-mediated activation of the MAPK cascade in NCM neurons. Both ER␣ and ER␤ receptors are expressed in NCM. While moderate ER␣ mRNA expression has been previously reported (Jacobs et al., 1996; Metzdorf et al., 1999; Rosvall et al., 2012) , protein levels for this receptor subtype appear to be low in NCM (Gahr et al., 1993; Saldanha and Coomaralingam, 2005) . ER␤ protein levels have not been assayed to date. However, a high density of neurons in NCM express this receptor subtype as revealed by in situ hybridization studies (Bernard et al., 1999; Jeong et al., 2011) . Consequently, we first explored if ER␤ receptor activation mediates phosphorylation of ERK, a direct index of the engagement of the MAPK cascade. To this end, we carried out unilateral infusions of the selective ER␤ receptor agonist DPN, and contralateral injections of vehicle, in the NCM of awake, sound-isolated animals (Fig. 3A) . We found that whereas vehicleinjected hemispheres exhibited low pERK levels, DPN treatment triggered the robust phosphorylation of ERK (Fig. 3B) . Specifically, DPN significantly increased the levels of pERK by 96.8% relative to vehicle-injected hemispheres in these sound-isolated animals (pERK/tERK ratios-vehicle: 0.48 Ϯ 0.06; DPN: 0.95 Ϯ 0.10; t (4) ϭ 10.8, p ϭ 0.0084) (Fig. 3C) . Importantly, DPN treatment drove phosphorylation of ERK to levels that were quantitatively indistinguishable to results obtained with E2 infusions (pERK/tERK ratios-DPN: 0.95 Ϯ 0.10; E2: 0.93 Ϯ 0.07; t (4) ϭ 0.18, p ϭ 0.86). Next, we sought to determine if the experience-dependent activation of the MAPK-pathway in NCM neurons relies on ER␤ receptor activation. As such, we unilaterally infused the selective ER␤ antagonist PHTPP, and contralaterally injected vehicle, in the NCM of awake animals that were subsequently subjected to a brief epoch (5 min) of auditory stimulation (Fig. 3D) . We found that blockade of ER␤ receptors with PHTPP significantly suppressed the song-induced phosphorylation of ERK in NCM (Fig.  3E) . In contrast, control hemispheres underwent robust increases in pERK levels induced by auditory stimulation (Fig. 3E) . Specifically, PHTPP significantly suppressed the song-induced phosphorylation of ERK by 55.3% relative to vehicle-infused hemispheres (pERK/tERK ratios-vehicle: 0.67 Ϯ 0.07; PHTPP: 0.30 Ϯ 0.04; t (3) ϭ 9.67, p ϭ 0.010) (Fig. 3C) . Together, these findings indicate that ER␤ receptor activation is necessary for the song-induced phosphorylation of ERK in NCM neurons, and engagement of this receptor subtype is sufficient to drive the MAPK pathway to levels that are comparable to those observed as a result of auditory experience in the intact NCM. Experience-dependent activation of the MAPK pathway depends on E2 produced by NCM neurons. A, Camera lucida drawings of a coronal section through the zebra finch brain illustrating the experimental design for bilateral injections. Regardless of group, awake animals were acclimated to restraint and were subsequently subjected to unilateral infusions of vehicle and contralateral infusions that targeted local E2 circuitry, which were applied simultaneously for each hemisphere. Therefore, each animal served as its own control. Experimental hemispheres were infused with either the selective estrogen receptor antagonist ICI (left; n ϭ 6) or the aromatase inhibitor FAD (middle; n ϭ 7). Animals in these groups were subsequently exposed to 5 min of auditory stimulation. A separate group of animals was unilaterally injected with vehicle and contralaterally infused with exogenous E2 (right; n ϭ 6). These animals were kept in sound-isolation for 5 min before sacrifice. B, Western-blots depicting signal for phosphorylated ERK (pERK; top), total ERK (tERK; middle), and ␤-tubulin (bottom), for dissected NCM samples obtained for each experimental group. The phosphorylated form of ERK (pERK) is the output, and provides a readout of the activational strength of the MAPK pathway. Shown are data obtained for representative hemispheres treated with the pharmacological manipulations indicated in A. Vehicle ϩ drug pairs shown here depict data obtained for the same animals (different hemispheres). Note that whereas tERK and ␤-tubulin levels are not affected by auditory experience or pharmacological manipulations, pERK levels are robustly affected by local E2 signaling. In particular, local blockade of estrogen receptors with ICI, or inhibition of the local production of E2 with FAD, significantly suppress song-induced phosphorylation of ERK (left). In addition, local infusions of exogenous E2 into the NCM of awake animals robustly drive the phosphorylation of ERK in sound-isolated animals (right). Numbers on the far right of the panel indicate the molecular weight of identified bands. C, Quantification of the results shown in B. Shown is the mean (ϮSE) signal ratio for pERK and tERK levels obtained for each experimental treatment. Note that blockade of estrogen receptors with ICI, or inhibition of aromatase with FAD, significantly suppresses these ratios relative to vehicle-injected hemispheres, indicating that the stimulus-induced phosphorylation of ERK requires local E2 signaling. In addition, pERK/tERK ratios are significantly increased in E2-infused hemispheres of sound-isolated animals. The inset shows that pERK levels are regulated by auditory experience in NCM. Specifically, shown are pERK/tERK ratios obtained for vehicle-injected, sound-isolated birds and the ratios obtained in vehicle-injected, sound-stimulated animals. *p Ͻ 0.05; ***p Ͻ 0.001.
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We next set out to determine whether, and to what extent, activation of ER␣ receptors contributes to the engagement of the MAPK pathway in NCM neurons. First, we unilaterally infused PPT, a highly specific ER␣ receptor agonist, in the NCM of sound-isolated animals that were awake (Fig. 3F) . We found that the pERK levels were very low and similar in both control (vehicle-injected) and experimental (PPT-injected) hemispheres (Fig. 3G) . Quantitatively, pERK/tERK ratios were 0.46 Ϯ 0.07 (vehicle) and 0.44 Ϯ 0.05 (PPT), and were statistically indifferent (t (4) ϭ 0.21, p ϭ 0.849) (Fig. 3H) . Second, we investigated whether blockade of ER␣ receptors affects the song-induced activation of the MAPK pathway in NCM, as revealed by ERK phosphorylation. To this end, we unilaterally infused the selective ER␣ antagonist MPP, and contralaterally injected of vehicle, in the NCM of a group of awake animals that were subsequently subjected to 5 min of auditory stimulation (Fig. 3I) . As observed previously, auditory stimulation drove a significant upregulation of pERK levels in vehicle injected hemispheres (Fig.  3J) . Contralateral blockade of ER␣ receptors with MPP did not affect the song-induced phosphorylation of ERK (Fig. 3J) . Importantly, pERK regulation by song was statistically indifferent in control relative to experimental hemispheres (pERK/ tERK ratios-vehicle: 0.74 Ϯ 0.06; MPP: 0.77 Ϯ 0.09; t (3) ϭ 0.33, p ϭ 0.769) (Fig. 3H) .
Collectively, our results demonstrate that activation of ER␤, but not ER␣, receptors is necessary for the song-driven phosphorylation of ERK, and is sufficient to engage the MAPK pathway.
ER␤ directly associates with MEKK1, but not MEK, in NCM neurons
Our results, so far, indicate that E2, acting via ER␤ receptors, nongenomically activates the MAPK pathway, but the nature of Figure 3 . Activation of ER␤, but not ER␣, is both necessary and sufficient to drive the MAPK pathway in NCM. A, Camera lucida drawing of a coronal section schematic depicting the experimental setup for injections in the awake zebra finch. In this group, sound-isolated animals were unilaterally infused with vehicle and contralaterally injected with the selective ER␤ agonist DPN (n ϭ 5; see Materials and Methods for details). B, Western-blots depicting the levels of pERK and tERK in NCM samples treated with the manipulations shown in A. Note that activation of ER␤ with DPN drives the phosphorylation of ERK in sound-isolated animals. C, Quantification of the results shown in B and E. Depicted is the mean (ϮSE) signal ratio for pERK and tERK obtained for each experimental treatment, along with their respective control (vehicle) levels. D, Schematic representation of a coronal section depicting the experimental manipulation carried out in song-stimulated animals. The ER␤ antagonist PHTTP was unilaterally infused (vehicle was injected contralaterally; n ϭ 4); next, animals were stimulated for 5 min with conspecific songs. E, Representative Western-blots depicting pERK and tERK levels in NCMs subjected to each of the hemispheric manipulations shown in D. Note that blockade of ER␤ largely suppresses the song-induced phosphorylation of ERK. F, Coronal section schematic illustrating the manipulation conducted in song-isolated animals. The ER␣ agonist PPT was infused in one hemisphere and vehicle was injected contralaterally (n ϭ 5). NCM samples were then obtained for each hemisphere separately. G, Western-blots depicting representative pERK and tERK levels in NCM as a result of the treatments shown in F. Note that activation of ER␣ with PPT does not affect basal pERK levels in sound-isolated animals. H, Quantification of the results shown in G and J. Shown is the mean pERK/tERK ratio (ϮSE) obtained for each experimental treatment, along with their respective control (vehicle) levels. I, Coronal section schematic illustrating the experimental protocol used in song-stimulated animals. Whereas the ER␣ antagonist MPP was infused in one hemisphere, vehicle was injected contralaterally (n ϭ 4). Animals were subsequently stimulated for 5 min. J, Western-blots revealing pERK and tERK levels in NCMs subjected to the hemispheric manipulations shown in I. Note that blockade of ER␣ does not affect the song-induced phosphorylation of ERK, as quantitatively assessed in H. Western blot data shown for each group (vehicle vs drug) reflects representative cross-hemispheric comparisons obtained from single animals (internal controls). *p Ͻ 0.05; **p Ͻ 0.01. To address this hypothesis, we unilaterally infused E2 in the NCM of awake animals and allowed them to survive for 5 min; vehicle was infused contralaterally. We next immunoprecipitated MEKK1 and MEK complexes from homogenates of each NCM hemisphere separately, using selective antibodies for MEKK1 and MEK. Subsequently, we measured the levels of ER␤ in the input and immunoprecipitates of samples obtained from control and experimental hemispheres. We found that ER␤ was co-immunoprecipitated with MEKK1, but not MEK (Fig. 4 A, B) . Control (reverse) experiments, where we immunoprecipitated ER␤ complexes from homogenates and measured the levels of MEKK1 and MEK in the input and immunoprecipitates, also revealed that ER␤ binds to MEKK1, but not MEK (data not shown). Finally, we immunoprecipitated MEKK1 and MEK complexes from homogenates of NCM that were obtained from animals that had been preinfused with the aromatase inhibitor FAD and subsequently exposed to 5 min of auditory stimulation. This manipulation, which suppresses the local production of E2 in NCM, largely suppressed the ER␤ signal in the homogenate that was immunoprecipitated with the MEKK1 antibody (Fig. 4C) . Similar results were found in reverse controls, where MEKK1 signal was largely eliminated in FAD-treated samples that were immunoprecipitated with ER␤. No ER␤ signal was detected in homogenates immunoprecipitated with the MEK antibody in control or FAD-treated experiments (data not shown).
Together, these results demonstrate that in central auditory neurons, activated ER␤ receptors directly bind to MEKK1, but not MEK, and that this association is lost when the local production of E2 is interrupted.
E2, acting through ER␤, directly engages the canonical MEKK1/MEK/ERK pathway to signal ERK phosphorylation
To directly establish whether E2 signaling regulates ERK phosphorylation via the canonical MAPK cascade (MEKK1ϾMEKϾERK), we used UO126, a selective inhibitor of the MAPK pathway. UO126 inhibits MEK, the main target of MEKK1 and the kinase that phosphorylates ERK. Specifically, we carried out studies that combined brief (5 min) infusions of UO126 and E2 through the same injection pipette, in sound-isolated animals. Importantly, control hemispheres received a combination of E2 and UO124, the inactive analog of UO126 (Fig. 5A) . Our results showed that in control hemispheres (E2 ϩ UO124), E2-mediated increases in ERK phosphorylation were not affected by the inactive agent UO124 (Fig. 5B) . In contrast, in experimental hemispheres (E2 ϩ UO126), E2-mediated phosphorylation of ERK was significantly suppressed by cotreatment with UO126 (Fig. 5B) . Quantification of these findings revealed that pERK levels in experimental hemispheres were 44.6% lower than those found in control hemispheres (pERK/tERK ratios-control: 0.92 Ϯ 0.09; experimental: 0.51 Ϯ 0.08; t (4) ϭ 18.72, p ϭ 0.003) (Fig. 5C) .
We next asked whether or not the selective activation of ER␤ receptors mimics the effects of E2 and relies on MEK activation to drive ERK phosphorylation. To this end, we combined infusions of UO126 and the ER␤ agonist DPN in experimental hemispheres (DPN ϩ UO126). Control hemispheres received DPN and the inactive agent UO124 (DPN ϩ UO124) (Fig. 5D) . We found that whereas control hemispheres underwent robust increases in the . ER␤ directly associates with MEKK1, but not MEK, as a result of locally derived E2 in NCM. A-C, The top panels depict camera lucida drawings of coronal sections illustrating the experimental design for co-immunoprecipitation studies. Animals were either unilaterally infused with E2 (A, B) , or the aromatase inhibitor FAD (C)(n ϭ 4). Control hemispheres for each group were infused with vehicle. NCM samples obtained from both control and experimental hemispheres, for each group, were immunoprecipitated with an anti-MEKK1 or an anti-MEK antibody. The antibodies used for the immunoprecipitation procedure are color coded. The lower panels show Western blots of both input (pre-immunoprecipitation) and immunoprecipitated samples probed with an ER␤ antibody. Note that in E2-challenged hemispheres, ER␤ is detectable in samples that were immunoprecipitated with the anti-MEKK1 antibody (A; top), but not with the anti-MEK antibody (B; top). These findings demonstrate that ER␤ is associated MEKK1, but not MEK. In addition, suppression of the local production of E2 in NCM by infusion of the aromatase inhibitor FAD significantly decreases the levels of MEKK1 associated with ER␤ in samples of animals stimulated with 5 min of song playbacks (C; top). Importantly, MEKK1 and MEK can be identified in the input, as well as recovered in immunoprecipitated samples (A-C; bottom). Of note, due to protein loss that typically occurs as a result of the immunoprecipitation procedure, Western blots shown in this figure carry ϳ30ϫ more protein in immunoprecipitated samples relative to inputs, as appropriate.
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levels of pERK, DPN-induced increases in ERK phosphorylation were largely blocked in experimental hemispheres cotreated with UO126 (Fig. 5E ). Quantitative analysis revealed that pERK levels were 49.9% lower in experimental, relative to control hemispheres (pERK/tERK ratios-control: 0.94 Ϯ 0.10; experimental: 0.47 Ϯ 0.04; t (4) ϭ 7.04, p ϭ 0.019) (Fig. 5C) . Notably, the results obtained with the selective ER␤ agonist (DPN ϩ UO126) were not statistically different from those obtained with experiments involving application of exogenous E2 (E2 ϩ UO126). Specifically, pERK/tERK ratios for these treatments were as follows (DPN ϩ UO126: 0.47 Ϯ 0.04; E2 ϩ UO126: 0.51 Ϯ 0.08; t (4) ϭ 0.42, p ϭ 0.697).
Together, these findings demonstrate that E2 signaling drives a nongenomic interaction between ER␤ receptors and MEKK1, which sequentially leads to the MEK-dependent phosphorylation of ERK.
E2 rapidly increases neuronal discharge rates in a MAPK-independent manner
Our results so far revealed a detailed view of the intracellular events underlying the modulation of MAPK-dependent gene expression of E2. We showed that E2 activates ER␤ receptors, which then directly associate with MEKK1 and lead to the activation of MEK, which in turn phosphorylates ERK. The phosphorylation of ERK is required for the E2-induced expression of all MAPK-dependent genes studied to date in NCM (Cheng and Clayton, 2004; Velho et al., 2005; Tremere et al., 2009 ). The functional role of E2-mediated ERK phosphorylation, and consequently the E2-dependent activation of MAPKdependent gene expression, is not known. We previously showed that E2 drives long-lasting changes in auditory neuronal responses and neural coding properties, which persist for several hours after hormonal action has subsided in the awake brain (Tremere and Pinaud, 2011). Considering that the MAPK pathway has been repeatedly implicated in experiencedependent plasticity (Sweatt, 2001; Thomas and Huganir, 2004; and that several of its target genes are regulated by locally produced E2 in NCM (Tremere et al., 2009), we hypothesized that E2-mediated activation of the Figure 5 . E2, acting through ER␤, drives the phosphorylation of ERK via MEK. A, Schematic representation of the experimental setup for injections in the awake zebra finch. For each hemisphere, sound-isolated animals were infused with a single solution containing a combination of E2 and a pharmacological agent of interest. Specifically, NCM was unilaterally injected with E2 ϩ UO126, a selective inhibitor of MEK, in the experimental hemisphere. Control hemispheres simultaneously received a solution containing E2 ϩ UO124, the inactive analog of UO126, as an appropriate control (n ϭ 5). B, Western-blots depicting the levels of pERK and tERK in the NCM hemispheres subjected to the manipulations shown in A. Note that in control hemispheres, where the MAPK pathway is intact, E2 drives the phosphorylation of ERK to robust levels. In contrast, blockade of the MEK with UO126 significantly suppresses the E2-mediated ERK phosphorylation in the experimental hemispheres. Protein samples for control and experimental hemispheres derive from the same representative animal. C, Quantification of the results shown in B and E. Shown is the mean (ϮSE) signal ratio for pERK and tERK obtained for each experimental treatment. D, Camera lucida drawing outlining the experimental configuration for injections in the awake zebra finch. The NCM of sound-isolated animals was unilaterally injected with a combination of the selective ER␤ agonist DPN ϩ UO126. Control hemispheres were simultaneously infused with a solution containing DPN ϩ UO124, as an appropriate control (n ϭ 5). E, Western-blots illustrating expression of pERK and tERK in the NCM hemispheres subjected to the manipulations shown in D. Note that DPN drives the vigorous phosphorylation of ERK in To address the functional roles of E2-mediated activation of the MAPK pathway in NCM neurons, we conducted bilateral, multielectrode neurophysiological recordings in awake, restrained animals before ("predrug" session), during ("drug session"), and 2 h after local, bilateral, and simultaneous intracerebral pharmacological manipulations ("Off ϩ 2 h" session), using a methodological approach that we developed and used previously (Pinaud et al., 2008b; Tremere et al., 2009; Tremere et al., 2010; . Single-unit activity was obtained from NCM as a result of playbacks of novel conspecific songs. Pharmacological manipulations consisted of infusions of a solution containing E2 ϩ UO126 (experimental hemisphere) and E2 ϩ UO124 (control hemisphere); infusions were continuously maintained throughout the "drug session" (see Materials and Methods; Fig. 6 A) . Subsequently, infusions were interrupted, pipettes were removed, and animals were kept in silence for 2 h. Finally, the stimulus set was presented a final time and neural responses were obtained (Off ϩ 2 h session).
A two-way repeated-measures ANOVA revealed a significant interaction between recording sessions (pre, during vs Off ϩ 2 h) and pharmacological treatment (E2ϩUO124 vs E2ϩUO126) (F (2,124) ϭ 31.25, p Ͻ 0.0001). A significant main effect for recording session was also revealed (F (2,124) ϭ 196.28, p Ͻ 0.0001), while no main effect was detected for pharmacological treatment (F (1,62) ϭ 0.55, p ϭ 0.458). One-way ANOVA with repeated measures revealed significant effects for both control and experimental hemispheres (F (2,31) ϭ 229.7 and F (2,31) ϭ 72.10, respectively, both p Ͻ 0.0001). For simplicity, we report below the results of repeated-measures t-tests using Bonferroni correction for multiple comparisons (␣ ϭ 0.05/3 ϭ 0.017).
In accordance with previous reports (Tremere et al., 2009; Remage-Healey et al., 2010; , local application of E2 (30 g/ml) significantly and rapidly increased song-evoked discharge rates of single NCM neurons relative to preinfusion levels (Fig. 6 B) . Importantly, this E2-mediated enhancement of firing rates occurred in both control and experimental hemispheres, which also received UO124 and UO126, respectively (Fig. 6 B) . More specifically, before local pharmacological treatment, median (Ϯ SE) NCM neuronal discharge rates were 26.1 Ϯ 11 spikes/s in control hemispheres, and 27.6 Ϯ 9 spikes/s in experimental hemispheres. Infusions of E2 ϩ UO124 in control hemispheres significantly increased auditory-evoked firing rates to 40.1 Ϯ 8 spikes/s, which reflects a 71.7% increase relative to pretreatment rates (t (31) ϭ 19.45, p Ͻ 0.0001) (Fig.  6 B, C) . Notably, similar findings were observed in the experimental hemispheres, where activation of the MAPK pathway was suppressed. In particular, infusions of E2 ϩ UO126 significantly increased discharge rates of NCM neurons relative to preinfusion levels by 59.9% (preinfusion: 27.6 Ϯ 10 spikes/s; drug-infusion: 41.3 Ϯ 7 spikes/s; t (31) ϭ 11.38, p Ͻ 0.0001) (Fig. 6 B, C) . The facilitatory effects of E2 were rapid in both hemispheres (oc- Figure 6 . The MAPK-pathway is required for E2-induced, long-lasting enhancement of neurophysiological responses in the awake brain. A, Camera lucida drawing depicting a coronal section through the zebra finch brain illustrating the experimental design for bilateral, multi-electrode neurophysiological recordings coupled to bilateral pharmacological manipulations in awake animals. Animals (n ϭ 44) were repeatedly acclimated to restraint before neural recording sessions, which consisted of a predrug session, a drug session, where animals were continuously infused with a combination of E2 ϩ UO126 (a MEK inhibitor; experimental hemisphere), or E2 ϩ UO124 (the inactive analog of UO126; control hemisphere). After the drug session, infusions were interrupted for both hemispheres, animals were kept in silence for 2 h, and then stimulated with the same song set a final time (Off ϩ 2 h session; see Materials and Methods for details). B, The top panels represent spike raster plots of a representative NCM single-unit before, during (blue), and 2 h after interruption of control infusions (E2 ϩ UO124; shaded blue box). Shown is the spiking behavior of the same neuron across these three recording sessions, during the first 10 renditions of a stimulus. The bottom set of raster plots represent the spiking behavior of another single-unit in NCM recorded simultaneously, in the same animal, in the experimental hemisphere, which received a combination of E2 ϩ UO126. Shown is the response of this representative neuron before, during (red), and 2 h after (shaded red box) interruption of pharmacological infusions. Note that in both control and experimental hemispheres, E2 rapidly enhances the spiking rate of NCM neurons (see E2 ϩ drug sessions). However, although E2 returns to baseline levels in Ͻ30 min after interruption of hormonal infusions (Remage-Healey et al., 2010) , control hemispheres exhibit a long-lasting increase in the spiking activity of NCM neurons, as previously reported . Remarkably, as a result of the blockade of the MAPK pathway in experimental hemispheres, spiking rates of NCM neurons return to preinfusion levels in the Off ϩ 2 h session; consequently, blockade of the MAPK pathway abolishes this form of plasticity in neural responses induced by E2. The bottom panels represent the amplitude envelope of the stimulus that drove the responses depicted in the raster plots, time aligned with the neural responses. C, Bar graph depicting the variation in the mean firing rate of NCM neurons for "drug" and "Off ϩ 2 h" sessions, for control (blue) and experimental (red) hemispheres. Data are expressed as average percentage changes relative to the pre-drug session. Note that during E2 ϩ UO124 and E2 ϩ UO126 infusions, spiking rates of single-units in NCM significantly increase relative to preinfusion levels. Notably, whereas in control hemispheres the E2-induced increase in discharge rates persists for at least 2 h after interruption of hormonal treatment (see blue Off ϩ 2 h bar), in experimental hemispheres, this long-lasting enhancement of neuronal discharge rates is abolished as a result of blockade of the MAPK pathway with UO126 (see red Off ϩ 2 h bar). (n ϭ 32 neurons/hemisphere). ***p Ͻ 0.001.
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curred in a scale of seconds), and were detectable as early as the first stimulus trial after E2 ϩ drug infusions (Fig. 6 B) . Importantly, discharge rates of neurons in control and experimental hemispheres were not statistically different during drug treatment (unpaired t test; t (62) ϭ 0.65, p ϭ 0.52). These findings indicate that the ability of E2 to rapidly modulate (increase) the discharge rates of NCM neurons is independent of activation of the MAPK pathway.
Long-term plasticity of auditory-evoked neurophysiological responses induced by E2 depends on activation of the MAPK pathway We next tested whether E2-driven activation of the MAPK cascade is required for long-lasting changes in NCM neuronal responses. Specifically, we previously showed that E2-mediated increases in NCM neuronal firing rates persists for several hours after interruption of local infusions (Tremere and Pinaud, 2011), even though E2 levels return to baseline within 30 min (RemageHealey et al., 2010) . To this end, we compared neuronal responses in both control (E2 ϩ UO124) and experimental (E2 ϩ UO126) hemispheres, 2 h after intracerebral infusions were stopped (Off ϩ 2 h session). Consistent with our previous observations, in control hemispheres (E2 ϩ UO124), firing rates of NCM neurons remained significantly increased 2 h after interruption of E2 treatment by 65.4%, relative to preinfusion levels (38.7 Ϯ 8 spikes/s). Statistically, neural responses in the Off ϩ 2 h session were identical to neuronal activity obtained "during drug" infusions (t (31) ϭ 1.39, p Ͼ 0.05), but were significantly higher than firing rates obtained in the preinfusion session (t (31) ϭ 17.52, p Ͻ 0.0001) (Fig. 6 B, C) .
Remarkably, blockade of the MAPK pathway in the opposite hemisphere (E2 ϩ UO126) significantly affected the persistent effects of E2 on NCM neuronal responses. Specifically, 2 h after interruption of drug infusions, discharge rates of NCM neurons were indistinguishable from preinfusion firing rates (Off ϩ 2 h: 30.5 Ϯ 15.3 spikes/s; t (31) ϭ 2.38, p Ͼ 0.05) (Fig. 6 B, C) . Additionally, unlike what was found in control hemispheres, neuronal discharge rates in the Off ϩ 2 h session were significantly lower than those obtained "during drug" infusions (E2 ϩ UO126) in the experimental hemisphere (t (31) ϭ 8.99, p Ͻ 0.0001) (Fig.  6 B, C) .
In summary, our findings reveal that a form of long-lasting plasticity of central auditory neuronal responses, induced by E2, depends on the activation of the MAPK pathway. Considering that auditory experience and E2 modulate MAPKdependent gene expression (Cheng and Clayton, 2004; Velho et al., 2005; Tremere et al., 2009) , it is likely that this form of plasticity is implemented in NCM neurons by a genomic response (MAPK-dependent genes), via the nongenomic interaction between activated ER␤ and MEKK1.
E2-mediated activation of the MAPK pathway drives longterm optimization of neural coding in the awake brain
The findings above indicate that activation of the MAPK pathway is required to integrate local E2 signaling with long-term increases in song-evoked auditory neuronal responses in the awake brain. As it relates to neural coding, however, increases in neuronal discharge rates can either be beneficial (e.g., increase in coding resolution), or detrimental (e.g., increase in noise). To further address the functional relevance of the E2-mediated activation of MAPK cascade, we took neural responses from both control (E2 ϩ UO124) and experimental hemispheres (E2 ϩ UO126) before, during, and 2 h after the pharmacological manipulations, and computed for each of these sessions, the mutual information between stimuli and neural responses using a conservative approach (see Materials and Methods). This metric allowed us to directly quantify how much information, in average, is transmitted about a stimulus and, consequently, how effectively NCM neurons encode song stimuli across the different recording/pharmacological sessions.
A two-way repeated-measures ANOVA revealed a significant interaction between recording sessions and pharmacological treatment (F (2,124) ϭ 16.92, p Ͻ 0.0001). A significant main effect for recording session was also revealed (F (2,124) ϭ 137.49, p Ͻ 0.0001), while no main effect was detected for pharmacological treatment (F (1,62) ϭ 0.86, p ϭ 0.36). Repeated measures one-way ANOVA revealed a significant effect for both control and experimental hemispheres (F (2,31) ϭ 102.8 and F (2,31) ϭ 59.04, respectively, both p Ͻ 0.0001). Below, we report the results of repeated-measures t-tests using Bonferroni correction for multiple comparisons (␣ ϭ 0.05/3 ϭ 0.017).
In control hemispheres, NCM neurons carried 0.24 Ϯ 0.02 bits (mean Ϯ SE) of information before drug treatment. Application of E2 ϩ UO124 significantly increased information rates by 53.1%, to 0.37 Ϯ 0.04 bits (t (31) ϭ 13.61, p Ͻ 0.0001) (Fig. 7A) . Information rates remained significantly higher (0.34 Ϯ 0.03 bits) from preinfusion levels, 2 h after interruption of infusions in the control hemisphere (t (31) ϭ 10.71, p Ͻ 0.0001) (Fig. 7A) . These changes reflected an increase of 41.8% from preinfusion information rates. These findings indicate that, in control hemispheres, E2 rapidly enhances the efficiency of the neural coding of songs by NCM neurons, and that these effects persist for at least 2 h.
In the experimental hemispheres, information rates averaged 0.23 Ϯ 0.02 bits before pharmacological manipulations. During infusions of E2 ϩ UO126, the information carried by NCM neurons significantly increased by 49.2%, to 0.34 Ϯ 0.03 bits, relative to preinfusion levels (t (31) ϭ 10.22, p Ͻ 0.0001) (Fig. 7A) . In contrast to neurons in control hemispheres, however, information rates of NCM neurons in the experimental hemispheres returned to preinfusion levels as a result of blockade of the MAPK cascade with UO126 in the Off ϩ 2 h session. Specifically, NCM neurons carried 0.25 Ϯ 0.02 bits of information 2 h after interruption of pharmacological treatment (t (31) ϭ 1.91, p ϭ 0.93, relative to predrug levels) (Fig. 7A) . Importantly, in neurons in the experimental hemispheres, information rates were significantly lower in Off ϩ 2 h session, relative to the "during drug" session (t (31) ϭ 8.31, p Ͻ 0.0001) (Fig. 7A) .
These findings indicate that E2 drives a long-lasting enhancement in the efficiency of the neural coding of acoustic signals via a nongenomic activation of the MAPK pathway.
Persistent E2-mediated enhancement of the neural discrimination of songs is dependent on MAPK pathway activation
We previously showed that E2 enhances the ability of NCM neurons to discriminate across songs (neural discrimination) . Moreover, this E2-mediated optimization of the neural discrimination of acoustic signals is longlasting, and persists for several hours following interruption of local hormonal treatment . To test whether E2-mediated enhancement of the neural discrimination of songs depends on the activation of the MAPK cascade, we subjected neural responses from control (E2 ϩ UO124) and ex-
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perimental hemispheres (E2 ϩ UO126), across recording sessions (pre, during, and Off ϩ 2 h), to a decoding method based on a pattern classifier. This approach, implemented and described by us previously (Tremere and Pinaud, 2011), allowed us to quantify how well NCM neurons discriminate among the different songs tested before, during, and 2 h after local pharmacological manipulations. A non-parametric Friedman's two-way ANOVA by ranks revealed a significant difference between hemispheres and recording sessions, indicating that all groups did not come from the same population ( 2 F (2, 126) ϭ 71.06, p Ͻ 0.0001). In addition, one-way Friedman test revealed significant differences across recording sessions for both control and experimental hemispheres ( Consistent with our earlier findings (Tremere and Pinaud, 2011), NCM neurons discriminated songs with high accuracy before pharmacological manipulations, as revealed by our decoder. More specifically, in the predrug session, discrimination success (classification accuracy) in the control and experimental hemispheres reached 77.5 Ϯ 2.6% and 78.1 Ϯ 2.7%, respectively, and were statistically indifferent (Mann-Whitney test, U ϭ 509.0, p ϭ 0.97) (Fig. 7B) .
Coapplication of E2 and the inactive analog UO124 in the control hemisphere significantly increased the discrimination success of NCM neurons by 15.2%, up to 89.3 Ϯ 3.0% (Z ϭ Ϫ4.69, p Ͻ 0.0001, relative to preinjection levels). Similar results were obtained in the experimental hemisphere. In particular, treatment of neurons with E2 and the inhibitor UO126 significantly enhanced discrimination success of NCM neurons by 11.7%, to 87.3 Ϯ 2.5% (Zϭ Ϫ4.08, p Ͻ 0.0001) (Fig. 7B) .
We next evaluated the extent to which activation of the MAPK pathway is required for sustaining the enhancement of the neural discrimination of songs by NCM neurons, induced by E2. To this end, we subjected neural responses obtained in the Off ϩ 2 h session to our pattern classification analysis.
In control hemispheres, discrimination success remained high 2 h after interruption of the coinfusion of E2 and the inactive compound UO124. Specifically, the neural discrimination of songs remained enhanced by 11.1% (86.3 Ϯ 2.9% success) 2 h after infusion stoppage, relative to predrug levels (Z ϭ Ϫ4.79, p Ͻ 0.0001) (Fig. 7B) .
Notably, unlike what was observed in control hemispheres, contralateral blockade of the MAPK pathway abolished the persistent enhancement of neural discrimination performance induced by E2. In particular, 2 h after interruption of E2 ϩ UO126 infusions, discrimination success in the experimental hemispheres decreased significantly to 79.9 Ϯ 3.1%, which reflected a return to preinfusion levels [Z ϭ Ϫ2.09, p ϭ 0.037, relative to preinjection session (n.s.; corrected ␣ level ϭ 0.017)] (Fig. 7B) .
Together, these findings indicate that E2 rapidly enhances the neural discrimination of songs in NCM independent of activation of the MAPK pathway. However, the long-lasting (hours) maintenance of enhanced neural coding and discrimination performance, induced by acute E2 modulation, depends on the activation of this signaling cascade.
Discussion
Exciting findings revealed that E2 produced by central auditory neurons of both males and females is a new and powerful modulator of auditory function (for review, see Maney and Pinaud, 2011; Pinaud and Tremere, 2012) . This brain-generated E2 rap- Figure 7 . E2 drives persistent enhancement in information coding and neural discrimination of acoustic signals, in a MAPK-dependent fashion. A, The top schematic represents the experimental configurationforbilateralneurophysiologicalrecordingscoupledtobilateralpharmacologicalmanipulations in awake animals. Animals were acclimated to restraint and auditory-evoked neuronal responses were obtained before, during, and 2 h after pharmacological manipulations (predrug, drug, andOffϩ2hsessions, respectively) .Thebargraphdepictsthemutualinformationbetweenstimulus andneuralresponsesplottedasafunctionoftheexperimentalsession,forbothcontrol(bluebars)and experimental (red bars) hemispheres. Note that infusions of either control (E2 ϩ UO124) or experimental (E2 ϩ UO126) solutions significantly increase information rates in NCM. In control hemispheres, where MAPK signaling is intact, pharmacological treatment leads to a lasting increase in the information rates that persist for at least 2 h. In contrast, blockade of the MAPK pathway with UO126 abolishes the persistent increases in information rates induced by E2, which return to pre-infusion levels (n ϭ 32 neurons/hemisphere). B, The ability of NCM neurons to discriminate song identity based on the neuronal responses (neural discrimination) is plotted as a function of experimental session(before,duringand2hafterpharmacologicaltreatment).Shownaredataobtainedincontrol (E2 ϩ UO124; blue) and experimental (E2 ϩ UO126; red) hemispheres. Note that pharmacological manipulations significantly increase the neural discrimination of songs by single-units in NCM. In control hemispheres, where MAPK signaling is intact, this enhancement persists for at least 2 h after interruption of pharmacological infusions. In contrast, in the experimental hemispheres subjected to blockade of the MAPK pathway with UO126, the E2-mediated persistent increases in the neural discrimination of songs is eliminated, and neural discrimination success returns to levels that are statistically indifferent from pre-drug levels. (n ϭ 32 neurons/hemisphere) ***p Ͻ 0.001.
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idly (in seconds) modulates auditory-evoked responses by targeting the synaptic machinery to enhance the neural coding and discrimination of auditory signals (Tremere et al., 2009; RemageHealey et al., 2010; . On a more protracted timescale (tens of minutes), E2 is also necessary and sufficient to drive MAPK-dependent gene expression programs believed to be required for synaptic plasticity and sensory learning (Clayton, 2000; London and Clayton, 2008; Tremere et al., 2009) . Although it is clear that this neurosteroid induces multiple MAPK-dependent, plasticity-associated genes in NCM (Tremere et al., 2009 ), the intracellular mechanisms through which E2 controls these gene expression cascades, and the functional consequences of their engagement, are unknown. Our studies shed light on the intracellular processes and functional consequences of a form of long-term, experiencedependent plasticity induced by brain-generated E2 in central auditory circuits in the awake vertebrate brain. This locally derived E2 robustly engages the canonical MAPK pathway. Specifically, E2 produced in NCM activates ER␤, but not ER␣, receptors that then physically associate with MEKK1, activates MEK, which then phosphorylates ERK. To date, all E2-regulated, MAPK-dependent genes studied in NCM depend on ERK phosphorylation (Cheng and Clayton, 2004; Velho et al., 2005; Tremere et al., 2009) . Considering that ER␤ directly associates with a kinase and that E2 engages the MAPK pathway rapidly (Ͻ5 min), we conclude that the control of plasticity-associated gene expression of E2 in NCM is partially (if not fully) controlled nongenomically.
We also showed that the E2-mediated activation of the MAPK cascade is required to sustain increases in neurophysiological responses that persist for hours after hormonal action has subsided. This E2-induced form of long-term plasticity is beneficial for neural computations in NCM, as it is paralleled by enhanced neural coding efficiency and discrimination of sensory signals. To our knowledge, this work constitutes the first demonstration of the cellular bases of a form of long-lasting enhancement in the performance of a sensory circuit in the awake brain, induced by a brain-generated steroid.
Nongenomic modulation of genomic responses
We previously showed that NCM-derived E2 is required for the expression of multiple MAPK-dependent genes, including the transcriptional regulators zenk and c-fos, and the effector early gene arc (Tremere et al., 2009) . A likely mechanism through which E2 regulates the expression of these plasticity-associated genes could be through the "classic genomic response" of E2, whereby activated estrogen receptors translocate to the nucleus and bind to the ERE consensus in the genes' promoters to modulate transcription. Analyses of genomic sequences encompassing the promoters of these three E2-regulated genes, however, argue against such a regulatory mechanism in NCM. Specifically, we found that the ERE consensus is absent in the promoters and 5Ј untranslated regions of all three genes (Fig. 1) . Importantly, these observations corroborate the present findings indicating that a nongenomic mechanism integrates E2 signaling and plasticity-associated molecular cascades in NCM neurons.
Although we uncovered a direct mechanism for E2's modulation of MAPK signaling through a direct receptor/kinase interaction, this may not be the only mechanism through which this steroid may control gene expression. Alternatively, activated estrogen receptors may serve as a cofactor for other transcription factors that act at non-ERE consensus sequences, such as AP-1 (Tora et al., 1989; Truss and Beato, 1993; Beato et al., 1995) . The promoters of zenk, arc, and c-fos genes all include AP-1 binding sites (Fig. 1) . Thus, future studies will determine whether, in addition to the nongenomic interaction described here, estrogen receptors in NCM may modulate gene expression through an "indirect" mechanism involving AP-1-dependent transcription.
A direct, nongenomic activation of MAPK pathway via ER␤ receptors By using a selective pharmacological approach, we discovered that the activation of the MAPK pathway by E2 is mediated by ER␤ receptors. Specifically, MAPK signaling could be driven by infusions of an ER␤ receptor agonist into NCM, but not by an ER␣ receptor agonist. Furthermore, blockade of ER␤, but not ER␣, largely eliminated the song-induced phosphorylation of ERK. These findings, along with our co-immunoprecipitation studies, provided conclusive evidence that ER␤ couples E2 signaling to genomic responses through a nongenomic mechanism involving an interaction between ER␤ and MEKK1. To our knowledge, this constitutes the first direct demonstration of a physical interaction between an estrogen receptor and a kinase, and provides a potential substrate whereby E2 may modulate the engagement of second messenger systems in neurons. These findings are also congruent with observations that cells expressing ER␤ mRNA are abundant in the adult NCM (Bernard et al., 1999; Jeong et al., 2011) , suggesting a prominent role for ER␤ in its physiology. No information is currently available on the expression of ER␤ protein in NCM. Significantly more information is available on ER␣ expression. Cells expressing ER␣ mRNA appear in NCM between days 2 and 5 after hatch (Gahr, 1996; Jacobs et al., 1999; Perlman and Arnold, 2003) and continue into adulthood (Jacobs et al., 1996; Metzdorf et al., 1999) . In sexually mature dark-eyed juncos, quantitative PCR studies revealed that ER␣ expression is detected in the posterior telencephalon, which should include most of NCM (Rosvall et al., 2012) . Interestingly, immunocytochemical studies reveal low ER␣ expression in NCM, suggesting that differences in the expression patterns of mRNA and protein may occur (Gahr et al., 1993; Saldanha and Coomaralingam, 2005) , and that ER␣ may play either a selective or restricted role in the physiology of NCM. Consistent with this view, our present results suggest that ER␣ receptors may not contribute to E2-mediated regulation of MAPK-dependent, plasticity-associated genes in NCM.
We also showed that activation of the MAPK cascade, via ER␤, is abolished by the MEK inhibitor UO126. These findings demonstrate that E2 engages the canonical MAPK pathway (MEKK1ϾMEKϾERK) to signal ERK phosphorylation, which, via CREB-dependent transcription, is required for the expression of zenk, c-fos, and arc (Cheng and Clayton, 2004; Velho et al., 2005) (Fig. 8) .
Notably, our results differ from findings obtained in a seasonal breeding songbird, where E2 decreased pERK levels in NCM (Heimovics et al., 2012) . Multiple factors may account for this difference, including species-specific dissimilarities and the fact that our E2 manipulations are localized to NCM as opposed to systemic treatment. In fact, differences in the absolute E2 concentrations achieved in NCM across studies may also be a contributing factor for these disparate observations. Our study only used a single E2 concentration that was based on earlier in vivo microdialysis studies (Remage-Healey et al., 2008; RemageHealey et al., 2010) . Thus, the possibility exists that differences in local E2 concentrations may exert different cellular actions on NCM neurons, a hypothesis that will be investigated in future studies. Finally, differences in receptor composition in NCM neurons of seasonal versus nonseasonal breeding animals may be (Orban et al., 1999; Hu et al., 2007) . Importantly, in NCM, other forms of experience-dependent plasticity, namely stimulusspecific adaptation, also require activation of the MAPK pathway (Cheng and Clayton, 2004) . Together, these findings suggest that this second messenger system is involved in multiple forms of plasticity in auditory neurons, consistent with prevalent roles for MAPK in neural plasticity (Sweatt, 2001; Thomas and Huganir, 2004; . Although we showed here that activation of the MAPK cascade is required for E2-mediated plasticity of auditory responses in NCM, the cellular mechanisms that support sustained neurophysiological responses remain to be determined. One possibility is that MAPK-dependent genes regulated by E2, such as the transcriptional regulator zenk, may drive the expression of target genes that directly affect neuronal physiology. For instance, in NCM excitatory neurons, zenk regulates synapsin III, a gene involved in synaptic transmission and that could participate in the E2-mediated enhancement of neural responses (Velho and Mello, 2008). Another possibility is that E2 may potentiate excit- Shown is a postsynaptic NCM neuron exposed to locally produced E2. Auditory-experience has been previously shown to rapidly increase E2 levels in NCM, but not other adjacent auditory forebrain areas, in freely behaving animals (Remage-Healey et al., 2008) . This brain-generated E2 activates ER␤, either at the membrane or intracellularly, but not ER␣, and leads to a direct physical association between ER␤ and MEKK1. This interaction engages the canonical MAPK pathway (MEKK1ϾMEKϾERK). Activation of MEK is required for ERK phosphorylation in NCM neurons. In addition, ERK phosphorylation is required for the expression of multiple plasticity-associated genes in NCM, including zenk, c-fos, and arc (Cheng and Clayton, 2004; Velho et al., 2005) , all of which require E2 for their normal song-induced expression in awake animals (Tremere et al., 2009 ). The engagement of this MAPK-dependent molecular cascade is required for E2-mediated long-lasting enhancements in the information coding ability of NCM neurons, as well as their capacity to discriminate across stimuli based on neural responses. 
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atory neurotransmission in NCM through mechanisms that are akin to long-term potentiation, as has been previously shown in the hippocampus (Foy et al., 1999; Woolley, 2007) . Alternatively, given the precedent for the effects of E2 on inhibitory neurotransmission in NCM (Tremere et al., 2009) , the possibility exists that, through a MAPK-dependent process, the strength of GABAergic transmission is persistently decreased by E2. Although it is currently unknown whether E2 drives long-lasting effects on either excitatory or inhibitory transmission in NCM, future studies may shed light on these fundamental questions. Finally, we showed that even in the presence of MAPK blockers, rapid E2-mediated increases in neurophysiological responses do occur for NCM neurons. These findings indicate that MAPK activation is not necessary to rapidly alter neural response gain induced by E2, but rather is selectively required for sustaining altered neuronal responses over time. The rapid (MAPKindependent) effects of E2 on neural response properties are owed to its impact on the synaptic machinery (Tremere et al., 2009 ) and likely the fast regulation of aromatase activity. In fact, in NCM and other avian brain areas, aromatase is localized to presynaptic terminals and its activity is rapidly regulated by neuronal activity, in a calcium-dependent fashion (Balthazart et al., 2003; Peterson et al., 2005; Rohmann et al., 2007; Saldanha et al., 2011) . These findings suggest that E2 operates more akin to a neuromodulator than a steroid hormone proper (Balthazart and Ball, 2006) . In summary, it appears that E2-mediated short-term increases in neural responses are mediated through nongenomic mechanisms that directly target the synaptic machinery of NCM neurons, consistent with the rapidity of these effects (Tremere et al., 2009 ). On a more protracted timescale, E2 signaling engages genomic responses (MAPK-dependent genes) that may drive lasting effects in the functionality of NCM neurons.
Functional role of E2-mediated MAPK activation
That E2-mediated activation of the MAPK pathway leads to a lasting enhancement of discharge rates of NCM neurons demonstrates that this neurosteroid robustly modulates neuronal responses, but provides little insight on the functional relevance of these changes to neural coding and other computational properties of auditory neurons. For instance, increases in firing rates may be beneficial, so as to enhance coding resolution, or disadvantageous, as in the case of increased noise. We, therefore, addressed the functional consequence of modulation of the MAPK pathway of E2 to neural coding by quantifying information rates of NCM neurons. Our metric, which quantifies how much information is transmitted on average about a stimulus, revealed that E2 activates the MAPK cascade to enhance information handling in the long-term (hours). Thus, E2's modulation of neural responses in NCM optimizes the coding of sensory information, and sustains these enhanced neuronal computational properties over time, in a MAPK-dependent manner.
We also showed that this E2/MAPK interaction leads to a lasting enhancement in the ability of NCM neurons to discriminate among acoustic cues. Importantly, previous findings demonstrated that E2's enhancement of the neural discrimination of songs translates into enhanced performance in auditory discrimination tasks at the behavioral level (Remage-Healey et al., 2010; . Considering that auditory experience drives rapid and transient increases in E2 levels in NCM (Remage-Healey et al., 2008) , our findings make it likely that this acute local neurosteroidal modulation rapidly enhances the neural coding efficiency of NCM neurons, which lead to enhanced behavioral discrimination of communication signals (Remage-Healey et al., 2010; Tremere and Pinaud, 2011). As suggested by our results, these enhanced computational properties are sustained over the long-term via engagement of the MAPK pathway. This mechanism, therefore, provides a means to maintain optimized, or enhanced, neural responses for time frames that extend beyond the acute and transient modulation of local E2 levels.
One limitation of our work that should be taken into account when interpreting the results is whether or not the concentration of E2 used in our neurophysiological, as well as biochemical studies, approaches physiological levels. We opted to use an E2 concentration previously shown to robustly modulate auditory-driven neurophysiological responses in NCM (Remage-Healey et al., 2010; and congruent with concentrations obtained from freely behaving animals through in vivo microdialysis (Remage-Healey et al., 2008) . Although these microdialysis studies provide the only available quantitative information on the levels of E2 in NCM, it is possible that these estimates are overrepresented relative to the absolute physiological levels of E2 in this auditory structure. Such a scenario would raise the possibility that our infused E2 concentrations are supra-physiological. Thus, the magnitude of effects of E2 on the regulation of the MAPK pathway and on the plasticity of auditory responses could be over-estimated in our studies. Alternatively, the presence and activity of aromatase in presynaptic terminals has led to the suggestion that synaptic E2 concentrations may be higher than those found in plasma and brain tissue (Cornil et al., 2006; Saldanha et al., 2011) . Under this alternative scenario, it is possible that the E2 concentrations used in our studies may be within the physiological range. Unfortunately, there are currently no technical approaches available to quantify with accuracy the physiological concentration of E2 in the brain or synapses and, consequently, it is not possible to use concentrations of exogenously applied E2 that are conclusively within physiological levels. In the absence of such information, it is prudent to interpret our results conservatively (i.e., that the E2 concentrations used may exceed physiological levels and, hence, the magnitude of the reported effects reported may surpass those driven by E2 endogenously produced in NCM). Despite this note of caution, it is important to emphasize that our results also show that inhibition of aromatase activity in NCM, a pharmacological manipulation that suppresses local production of E2 (Remage-Healey et al., 2010) , markedly disrupts the normal regulation of the MAPK cascade. These findings, which are also consistent with those obtained during local blockade of estrogen receptors, demonstrate that physiological levels of E2 in NCM significantly contribute to the engagement of MAPK-dependent signaling in NCM neurons.
To our knowledge, the present results provide the first demonstration of the mechanisms and functional outcomes of a form of long-lasting, experience-dependent plasticity of sensory neurons induced by a brain-generated estrogen. Considering that estrogen-associated circuits were recently identified in the auditory cortex of rodents, monkeys, and humans (Yague et al., 2006; Yague et al., 2008; , it is plausible that E2's modulation of auditory processing and plasticity may be a general feature of central auditory circuits across vertebrates, a possibility that should be addressed in future studies.
